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ABSTRACT
We study the late-time (t > 0.5 days) X-ray afterglows of nearby (z < 0.5) long Gamma-Ray Bursts (GRB)
with Swift and identify a population of explosions with slowly decaying, super-soft (photon index Γx > 3)
X-ray emission that is inconsistent with forward shock synchrotron radiation associated with the afterglow.
These explosions also show larger-than-average intrinsic absorption (NHx,i > 6×1021 cm−2) and prompt γ-ray
emission with extremely long duration (T90 > 1000 s). Chance association of these three rare properties (i.e.
large NHx,i, super-soft Γx and extreme duration) in the same class of explosions is statistically unlikely. We
associate these properties with the turbulent mass-loss history of the progenitor star that enriched and shaped
the circum-burst medium. We identify a natural connection between NHx,i, Γx and T90 in these sources by
suggesting that the late-time super-soft X-rays originate from radiation reprocessed by material lost to the
environment by the stellar progenitor before exploding, (either in the form of a dust echo or as reprocessed
radiation from a long-lived GRB remnant), and that the interaction of the explosion’s shock/jet with the complex
medium is the source of the extremely long prompt emission. However, current observations do not allow us to
exclude the possibility that super-soft X-ray emitters originate from peculiar stellar progenitors with large radii
that only form in very dusty environments.
Subject headings: supernovae: GRBs
1. INTRODUCTION
The effects of binarity and the role of mass loss in the
decades to years preceding the terminal explosion are among
the least understood aspects of massive stellar evolution (e.g.
Langer 2012, Smith 2014 for recent reviews). This lack of un-
derstanding is significant in light of recent observations show-
ing that more than 70% of massive O-type stars in the Galaxy
interact with a binary companion (Sana et al. 2012) and that
the classical picture of mass loss through steady winds does
not apply to all massive stars, especially during the very
last stages of evolution (e.g. Ofek et al. 2013, Margutti et al.
2014a and references therein).
Long Gamma-ray Bursts (GRBs) are thought to represent
the endpoints of the evolution of massive stars that managed
to lose their hydrogen envelope before exploding, while re-
taining enough angular momentum to power a relativistic jet
(e.g. MacFadyen & Woosley 1999, MacFadyen et al. 2001).
The observed connection of long GRBs with Type Ic su-
pernovae (SNe) and their locations within the host galaxies
(Fruchter et al. 2006) strongly support their association with
massive stars and are consistent with the suggested Wolf-
Rayet (WR) progenitors (see Hjorth & Bloom 2012 for a re-
cent review). However, it is unclear if the progenitors of
GRBs are single massive stars or binaries. The rate and the
nature of the mass loss (e.g. steady winds vs. explosive ejec-
tion of shells of material) suffered by the stellar progenitor
in the final phases of its evolution before collapsing are also
unclear.
Observations are now starting to reveal the turbulent life of
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some massive stars in the years before the SN explosion and
are pointing to the presence of a common (and unexpected)
eruptive behavior preceding the collapse (e.g. Ofek et al.
2014, Smith 2014). As a result, the local SN environment
is shaped and “enriched” by successive mass ejections. This
kind of behavior might be common in GRB progenitor stars
as well. In particular, it is relevant to mention (i) the recent
report of a possible outburst of the progenitor of the Type Ic
SN PTF11qcj ∼ 2yrs before the SN (Corsi et al. 2014), (ii)
the signature of increased mass loss shortly before the ex-
plosion of the hydrogen-stripped SNe 2013cu (Gal-Yam et al.
2014) and 2008D (Svirski & Nakar 2014), (iii) the find-
ing of unusual environments around some Type Ib/c SNe
as revealed by radio observations (e.g. Berger et al. 2003,
Soderberg et al. 2006c, Soderberg et al. 2006a, Wellons et al.
2012, citealtBietenholz14).
It is thus likely that a complex environment sculpted by the
recent mass loss of the progenitor system surrounds GRBs
at the time of their explosions. The interaction of the GRB
jet and the SN ejecta with this material is expected to leave
detectable signatures in their temporal and spectral evolution.
Here we present a study of GRBs in the low-redshift Universe
(z < 0.5) that aims to test this hypothesis. We identify a class
of explosions with peculiar prompt γ-ray emission and late-
time X-ray spectrum and connect these properties with the
mass-loss history of their progenitors.
Throughout the paper we use the convention Fν(ν, t) ∝
ν−β t−α, where the spectral energy index is related to the spec-
tral photon index by Γ = 1 +β. We employ standard cosmol-
ogy with H0 = 71 km s−1 Mpc−1, ΩΛ = 0.73, and ΩM = 0.27.
Quantities are listed in the cosmological rest-frame of the ex-
plosion unless explicitly noted.
2. SAMPLE SELECTION AND DATA ANALYSIS
We study the late-time (0.5 < t < 10 days, rest-frame) X-
ray emission of nearby (z < 0.5) long GRBs. At this epoch
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the X-rays are expected to be dominated by afterglow syn-
chrotron emission produced as the explosion shock is deceler-
ated by the interaction with the circumburst medium, whereas
X-ray flares, steep decays and plateaus dominate at much ear-
lier epochs (e.g. Margutti et al. 2013b).
We select our sample of GRBs based on the following re-
quirements: (i) redshift measurement, either from the opti-
cal afterglow or from unambiguous association to the host
galaxy; (ii) bright early-time (t < 0.5 days, rest-frame) X-ray
emission to extract a spectrum and constrain the intrinsic neu-
tral hydrogen absorption column NHx,i; (iii) enough late-time
(0.5 < t < 10 days, rest-frame) count statistics to constrain
the X-ray spectral photon index Γx; (iv) limited Galactic ab-
sorption along the line of sight NHMW . 1021 cm−2 to reli-
ably constrain NHx,i and avoid important contamination from
Galactic material.5 Note that we do not require the GRBs to
have been detected by the Swift Burst Alert Telescope (BAT,
Barthelmy et al. 2005). What we require is an X-ray follow
up of the bursts both at early and at late times. At the time of
writing, only the Swift X-ray Telescope (XRT, Burrows et al.
2005) can provide early time X-ray follow up.
Furthermore, we require the GRBs to be at low redshift z <
0.5 (i) to sample both extremes of the distribution of NHx,i val-
ues (at higher redshift the effective instrumental bandpass sen-
sitive to intrinsic X-ray absorption decreases, thus reducing
our ability to measure low NHx,i values, (e.g. Margutti et al.
2013b, their Fig. 5); (ii) to minimize the effects of the detector
sensitivity and band-pass when measuring the GRB prompt
emission duration T90 (e.g. Littlejohns et al. 2013); (iii) to
sample the soft X-ray emission at E . 0.5keV in the burst
rest-frame. This last requirement is essential to detect addi-
tional spectral components to the standard afterglow emission
that could otherwise be missed in higher-z GRBs if intrin-
sically soft. An example in this respect is the black-body
component with kTBB ∼ 0.5keV that has been recently re-
ported by Piro et al. (2014) in the late-time X-ray emission
of GRB 130925A at z = 0.347.
Twelve GRBs satisfy the selection criteria above (Table
1). Swift-XRT data have been reduced as we describe in
Margutti et al. (2013b), using the latest software and calibra-
tion files. Comparison with the online Swift-XRT catalog
(Evans et al. 2009, Evans et al. 2010) reveals a good agree-
ment. For each GRB we measure the intrinsic absorption
NHx,i from a spectrum extracted at t < 0.5 days rest-frame,
during a time interval where no spectral evolution is appar-
ent. The Galactic contribution in the direction of the burst
NHMW is estimated from Kalberla et al. (2005). We constrain
the late-time spectral photon index Γx by extracting a spec-
trum in the time interval 0.5 < t < 10 days, rest-frame, while
we estimate the power-law index of the temporal decay αx
by fitting the X-ray light-curve in the same time interval. All
the spectra have been modeled with an absorbed power-law
(tbabs∗ ztbabs∗ pow within Xspec). The duration of the burst
prompt emission T90 is taken from Sakamoto et al. (2011),
Swift Burst Alert Telescope (BAT) refined circulars or dedi-
cated papers.
The results from this analysis are listed in Table 1 and plot-
ted in Fig. 1 and 2 (filled stars). We add for completeness
the two pre-Swift GRBs that would pass our selection crite-
ria, GRBs 980425 and 030329 (open stars). Data have been
5 Existing maps of the projected spatial distribution of NHMW like those
presented in Kalberla et al. (2005) are not able to capture possible variations
of NHMW on small angular scales.
FIG. 1.— Late-time (0.5-10 days, rest frame) spectral energy index βx
vs. temporal decay index αx for the sample of nearby GRBs (filled stars).
Lines: expectations from synchrotron radiation from a relativistic, sub-
relativistic or newtonian shock expanding into an ISM or wind-like medium
(see Margutti et al. 2013a and references therein). GRBs with evidence for
super-soft X-ray emission are in red. Open stars: pre-Swift GRBs that satisfy
the selection criteria of Sec. 2, i.e. GRBs 980425 and 030329.
collected from Tiengo et al. (2003), Kouveliotou et al. (2004)
and Kaneko et al. (2007). The following discussion will how-
ever focus on the Swift-XRT sample, only, for the sake of ho-
mogeneity.
3. RESULTS
Our analysis identifies a population of nearby GRBs with
super-soft (Γx > 3) X-ray emission at late-times (red stars
in Fig. 1 and 2 ), that is not consistent with afterglow ra-
diation from the forward shock, as shown in Fig. 1. Four
bursts belong to this class: GRBs 060218, 090417B, 100316D
and 130925A. Their late-time temporal decay is also shal-
lower than average: αx < 1.4, where αx = 1.4 is the me-
dian value for the population of GRBs with known redshift
(Margutti et al. 2013a, their Fig. 4). This finding alone
is suggestive of the presence of an additional X-ray emis-
sion component with markedly different spectral properties
with respect to the afterglow. Indeed, this was the conclu-
sion from accurate broad-band spectral modeling of the emis-
sion from GRBs 060218 (Soderberg et al. 2006b), 090417B
(Holland et al. 2010), 100316D (Margutti et al. 2013a) and,
more recently, 130925A (Evans et al. 2014, Piro et al. 2014,
Bellm et al. 2014).
Remarkably, we find that the class of late-time super-soft X-
ray emitters (red, filled stars) also shows significantly larger
intrinsic absorption NHx,i and exceptionally long duration of
the prompt emission T90, as demonstrated in Fig. 2. These
bursts are also associated with fairly large intrinsic optical ex-
tinction values: for GRBs 130925A and 090417B Evans et al.
(2014) and Holland et al. (2010) infer AV ≈ 2.2 mag and
AV > 2.5 mag, respectively. In the case of GRB 100316D,
Olivares E. et al. (2012) derive AV ≈ 1.2 mag, while the in-
trinsic extinction along the line of sight to GRB 060218 is
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TABLE 1
PROMPT EMISSION AND LATE-TIME X-RAY EMISSION PARAMETERS
GRB z T90,obs NHx,i Γx αx NHMW
(s) (1022 cm−2) (1022 cm−2)
060218 0.0331 2100± 100a 0.74± 0.14 5.5± 0.2 1.20± 0.08 0.140
060512 0.443h 11.4± 4.1 < 0.054 2.0± 0.2 1.68± 0.47 0.016
060614 0.125 109.2± 3.4 < 0.027 1.69± 0.04 1.83± 0.04 0.020
061021 0.346 43.8± 5.6 0.046± 0.024 1.94± 0.04 1.10± 0.03 0.055
090417B 0.345 > 2130b 2.4± 0.4 3.7± 0.2 0.87± 0.08 0.017
091127 0.490 7.4± 0.2 0.084± 0.05 1.67± 0.04 1.62± 0.04 0.031
100316D 0.0590 > 1300c 0.68± 0.02d 3.5± 0.3d 0.87± 0.08 0.101
120422A 0.283 5.4± 1.4 < 0.076 1.7± 0.2 0.87± 0.11 0.042
130427A 0.340 276.0± 5.0e 0.040± 0.004 1.60± 0.02 1.34± 0.01 0.019
130702A 0.145 59.0 f 0.062± 0.021 1.72± 0.03 1.00± 0.02 0.018
130831A 0.4791 32.5± 2.5 < 0.050 1.7± 0.2 1.44± 0.35 0.057
130925A 0.347 > 7000 2.05± 0.20 3.65± 0.03 0.79± 0.02 0.018
NOTE. — 90% c.l. uncertainties are provided for NHx,i . All other uncertainties are 1σ. Upper
limits are 3σ.
a From Campana et al. (2006).
b From Holland et al. (2010).
c From Starling et al. (2011).
d From Margutti et al. (2013a).
e From Maselli et al. (2014).
f From Collazzi & Connaughton (2013), 50-300 keV band.
g This event has been classified as ultra-long, with a total duration of the prompt emission of ∼ 20ks
(Evans et al. 2014) and γ-rays lasting ∼ 7ks (Piro et al. 2014).
h The redshift of this burst has been disputed by Fynbo et al. (2009). These authors suggest
z = 2.1 based on the assumed association of a broad absorption line in the afterglow spectrum
of GRB 061512 with Lyα. Here we follow the analysis by Bloom et al. (2006). We note that our
major conclusions are not sensitive to this particular choice.
FIG. 2.— Intrinsic hydrogen column density vs. prompt duration for the
sample of nearby GRBs. Red stars: GRBs with evidence for super-soft X-ray
emission at late times. Open stars: pre-Swift GRBs that satisfy the selection
criteria. The dashed horizontal line marks the peak of the NHx,i probabil-
ity density distribution of all GRBs detected by Swift as of July 16th, 2014
(Evans et al. 2009). The vertical dashed line at 1000 s is drawn as a visual
guide. 99% of GRBs detected by Swift-BAT show a rest-frame T90 < 300 s.
likely lower (E(B−V )tot = 0.13±0.02 mag, with a dominating
Galactic component, Pian et al. 2006).
In the NHx,i-T90-Γx phase space the 12 nearby GRBs nat-
urally divide into two groups with no apparent continuum in
between. The first group comprises GRBs with large intrin-
sic absorption NHx,i & 7× 1021 cm−2, extremely long prompt
emission T90 > 1000 s and super-soft late-time X-rays Γx > 3.
Low NHx,i < 1021 cm−2 is instead always associated with a
harder X-ray spectrum with Γx . 2 consistent with the predic-
tions of the afterglow model and a shorter T90. We estimate
the probability to obtain the observed configuration by chance
below.
Every GRB in our sample can be described by three
stochastic variables. Each variable has two possible states,
“up” or “down”, corresponding to large or small values of
NHx,i, T90 and Γx, respectively. The observed configuration
corresponds to the case where every GRB is either “up-up-
up” or “down-down-down”, implying that in our system of 12
GRBs only 2 of the 23 = 8 available states are populated. The
chance probability that in a system of N elements only n ≤ 2
of the m possible states are occupied is P = (2
N−1
−1)(m−1)+1
mN−1
. For
N = 12 GRBs and m = 8, P = 1.7× 10−6. This calculation as-
sumes equal probabilities for the “up” and “down” state of
each variable (pup = pdown = 0.5), since a priori there is no
reason to believe that any of the two states should be favored
against the other. If however this is not true and the “up” state
is intrinsically less probable with pup = 1/3 (pdown = 2/3) as
suggested by the observations, then a Monte Carlo simulation
with 106 realizations finds P = 1.3× 10−4. We note that for
both calculations we conservatively counted as “success” also
the cases where n = 1 (i.e. all the events in the same state).
We can thus reject the hypothesis of a chance association with
high confidence (P > 99.99%).
We end by commenting on potential observational biases.
Any instrumental detection bias would equally affect bursts
in low and high NHx,i environments (γ-rays are not sensitive
to the NHx,i) regardless of their late-time X-ray spectrum
(the prompt emission “knows” nothing about the late-time
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X-ray spectrum). As a result it could not be responsible for
the observed NHx,i-T90-Γx distribution. Our sample is biased
towards GRBs with brighter late-time X-ray emission, as
we require enough count statistics to extract a spectrum at
0.5 < t < 10 days (rest-frame): it is however unclear how
this would only affect GRBs with short T90 and high NHx,i
or long T90 and low NHx,i. We therefore conclude that the
observed configuration with two distinct clusters of GRBs in
the NHx,i-T90-Γx phase space is physically driven.
4. DISCUSSION
4.1. The Γx − T90 − NHx,i phase space
In the collapsar model of long GRBs (MacFadyen et al.
2001) the duration of the prompt emission reflects the central
engine activity, with no expected connection with the amount
of circum-burst material or the spectral properties of the late-
time X-ray emission. Our results indicate instead that nearby
GRBs do not populate the NHx,i-T90-Γx phase space randomly,
and that these parameters are in some way physically linked.
In particular, it suggests that for the super-soft X-ray emitters
the measured NHx,i is dominated by material that is directly
connected with the explosion and/or progenitor, as opposed to
more distant material that just happens to be along our line of
sight.
The extreme X-ray softness of the late-time emission
of some GRBs has been noticed before (Soderberg et al.
2006b, Fan et al. 2006, Holland et al. 2010, Margutti et al.
2013a, Evans et al. 2014, Piro et al. 2014, Zhao & Shao 2014,
Barniol Duran et al. 2014). While there is general agreement
on the need for an extra, super-soft X-ray component in ad-
dition to the afterglow, different ideas have been proposed to
explain its origin.
(i) Radiation from a long-lived GRB central engine, later re-
processed by material in the burst surroundings before reach-
ing the observer (Soderberg et al. 2006b, Fan et al. 2006,
Margutti et al. 2013a, see however Barniol Duran et al. 2014).
(ii) Thermal emission from a hot (kTBB ∼ 0.5keV) and
relatively compact (R ∼ 1011 cm) cocooon that develops as
a result of the interaction of the jet with the stellar layers.
This model was specifically developed for GRB 130925A
(Piro et al. 2014) but it is supposed to embrace the entire
class of GRBs with ultra-long prompt emission (see e.g.
Gendre et al. 2013 for details about ultra-long GRBs). This
picture connects the late-time super-soft X-ray emission with
the atypical nature of the progenitor star (a blue super-giant
-BSG- instead of a Wolf-Rayet star, whose outer layers power
a longer-than-average jet activity, Woosley & Heger 2012),
thus explaining the link between Γx > 3 and T90 > 1000 s.
However, this model does not offer a natural explanation for
the large NHx,i (BSG progenitors actually have low mass-loss
rates M˙ < 10−5 M⊙yr−1 even in super-solar metallicity envi-
ronments, Vink et al. 2001).
(iii) Alternatively, a localized dust layer at Rd ∼ 30 − 80pc
(GRB 090417B, Holland et al. 2010) or at Rd ∼ 80 − 2000pc
(GRB 130925A, Evans et al. 2014, Zhao & Shao 2014) can
account for both the spectral softness and the large intrinsic
hydrogen column. However, there is no reason to expect a
longer than average duration of the prompt emission, contrary
to what is observed, if the dust sheet is unrelated to the explo-
sion/progenitor.
The key question is how to connect the properties of the
very early γ-ray emission, late-time X-ray radiation and local
environment density distribution within a coherent physical
picture. GRBs that just happen to be seen through a thick
but unrelated sheet of material would homogeneously popu-
late the upper part of the NHx,i-T90 plot (Fig. 2), while bursts
where the central engine activity is entirely responsible for
the duration of the γ-ray emission are expected to reside in
the lower part of the diagram, both at short and at long T90.
To explain the observed distribution of GRBs, with two well
defined clusters in the Γx −NHx,i-T90 phase space, we envision
two scenarios: (i) the duration of all the events is intrinsic
(i.e. it indeed reflects the duration of the activity of the GRB
engine) and the longest events originate from peculiar pro-
genitors that only form in very dusty environments, or, more
likely, (ii) a single physical mechanism is responsible for the
simultaneous appearance of the super-soft X-ray emission at
late times, extremely long T90 and large NHx,i. We expand
on this latter possibility below. We consider the first scenario
less likely, as it would require a peculiar progenitor with very
large radius (to accommodate for the exceptionally long T90)
to form in a peculiar dusty environment. However, we note
that current observations do not allow us to rule out this pos-
sibility.6
4.2. The role of progenitor mass loss in GRBs with late-time
super-soft X-rays
Wolf-Rayet stars (WRs) with M ≈ 40M⊙ are con-
sidered the most likely progenitors of GRBs (e.g.
MacFadyen & Woosley 1999) and progenitor candidates
of at least some ordinary hydrogen-poor SNe (i.e. Type IIb,
Ib and Ic SNe). During the helium burning phase WRs lose
mass through powerful winds at the rate of M˙ ∼ 10−5 M⊙yr−1
with velocity vw ∼ 1000kms−1. However, during the last
∼ 100 − 1000 yrs, evolved WRs burn heavier elements and
the mass-loss rate is not well constrained. As a result, the
mass distribution within ∼ 1017 − 1018 cm is unknown and
might strongly deviate from the ∝ 1/r2 wind profile. Three
recent observational findings are relevant in this respect: (i)
the possible eruption of the Type Ic SN PTF11qcj ∼ 2 yrs
before the supernova (Corsi et al. 2014); (ii) the indication
of increased mass loss with clear WR signatures shortly
before the explosion in the very early spectra of the envelope-
stripped SN2013cu (Gal-Yam et al. 2014, see also Groh
2014) and the inference of an increased mass-loss in the days
before the explosion of SN 2008D (Svirski & Nakar 2014);
(iii) the detection of modulated radio emission from nearby
envelope-stripped SNe, which is indicative of pre-explosion
mass loss variability (Soderberg et al. 2006a, Wellons et al.
2012).
We suggest that the main difference between the two groups
of GRBs in Fig. 1 and 2 is connected with the distribution and
amount of material in the burst local environment and that
the interaction of the explosion’s shock and radiation with the
medium enriched by substantial mass loss from the progenitor
star is the source of the phenomenology observed in GRBs
with super-soft X-ray emission.
In particular, we associate the late-time super-soft X-
ray emission with reprocessed radiation by material in the
burst surroundings. A possibility is a dust echo of the
prompt X-rays as it was suggested for GRBs 090417B and
6 After our work appeared on the public archive, the possibility of a larger
progenitor star with a dense core engulfed in a low-mass extended envelope
has been suggested by Nakar (2015) to explain the γ-ray and UV properties
of GRB 060218.
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130925A (Holland et al. 2010; Evans et al. 2014). Follow-
ing Shao et al. (2008) and Shen et al. (2009) (their Eq. 4)
and noting that the X-ray “plateau” emission decays around
(1 − 5)× 104 s in the four GRBs with Γx > 3, we find that the
dust sheet is roughly located at R∼ ten to a hundred pc from
the progenitor. Differently from previous works, here we ar-
gue that the physical origin of the material around the GRBs
with Γx > 3 has to be connected with the mass-loss history of
the progenitor system.
The variable mass loss from massive stars during their evo-
lution is known to create a structured wind bubble around the
star (and its possible binary companion) with a dense shell at
the interface with the ISM (e.g. Moore et al. 2000). The typ-
ical radius of the swept-up shell nebula around a WR star at
the end of its life is R≈ 100(M˙
−6.2v
2
3.5n
−1
0 )1/5t3/56.6 pc, with criti-
cal dependency on the main sequence (MS) mass-loss rate M˙,
wind velocity v, MS lifetime t and ISM density n (Castor et al.
1975). Here we normalize our variables to M˙ = 10−6.2 M⊙yr−1,
v = 103.5 kms−1, t = 106.6 yr and n = 1cm−3, as appropriate for
a 35M⊙ star (e.g. Dwarkadas 2007). Observations show that
shell nebulae are present in ∼ 35% of WRs (Marston 1997)
with R ∼ tens of pc, intriguingly similar to what we infer for
the light-echo scenario above. We suggest that the excess of
super-soft X-ray radiation at late times is related with the pres-
ence of shell nebulae around the progenitors.7
The interior structure of the wind bubble is instead deter-
mined by the more recent mass-loss history of the progeni-
tor and possibly results from the ejection of massive shells
of material that shaped the medium at R < 1 pc. We spec-
ulate that the interaction of the explosion’s jet/shock with
material at R ∼ 1014 − 1016 cm is at least partially responsi-
ble for the very long prompt duration (T90 > 1000 s) in these
sources. In the most extreme cases, (i.e. weak or absent explo-
sion’s jet and/or thick shell of material in the very close envi-
ronment) the entire γ-ray emission originates from shock/jet
break out radiation through a thick shell, as it was proposed
for GRBs 060218 and 100316D by Nakar & Sari (2012) (see
also Bromberg et al. 2011). In this model the T90 reflects the
properties of the progenitor star -and in particular its radius- or
its environment, as opposed to the duration of the central en-
gine activity. For GRBs 060218 and 100316D, Nakar & Sari
(2012) obtained a break-out radius Rb ∼ 5× 1013 cm, much
larger than WR stars, and pointed to the presence of opaque
material thrown by the star before exploding at R = Rb.
4.3. Testable predictions
If the interaction of the jet with some material is at least
partially responsible for the exceptionally long T90, we expect
that: (i) the interaction would suppress the shortest variability
timescales originally present; (ii) we expect the GRBs with
the hardest prompt emission to belong to the naked-explosion
category, and the softest events to belong to the super-soft X-
ray emitters, with overlap between the two classes due to the
large variation in the intrinsic properties of the explosions (i.e.
before the interaction with the medium).
Observations confirm these expectations. GRBs 060218
and 100316D are characterized by very low prompt peak en-
7 We emphasize that at this stage it is not possible to rule out the possibility
that the excess of super-soft X-rays originates from radiation from a long-
lived central engine, later reprocessed by material in the burst environment
before reaching the observer. However, the “echo hypothesis” seems more
natural as it does not require an extremely long central engine life-time of
several days.
ergy values Epk < 50keV (Kaneko et al. 2007, Starling et al.
2011)8 and show Γx > 3 at late times, while GRB130427A,
with peak energy Epk ∼ 1400keV during the main emission
episode (Maselli et al. 2014), belongs to the naked-explosion
category and it is the hardest long GRB at z . 0.3. Further-
more, the very smooth, single-peaked temporal structure of
the prompt emission of GRBs 060218 and 100316D is clearly
in line with the shock break-out scenario (Nakar & Sari
2012), and it is apparent from Fig. 1 of Holland et al. (2010)
that for GRB 090417B the shortest variability timescales
were not observed (δtvar > 10s). Finally, it is remarkable
that in spite of the excellent statistics GRB 130925A also
shows a large minimum variability time-scale δtminvar ∼ 1s(Greiner et al. 2014) with typical values δtvar ∼ 10 − 100s
(Evans et al. 2014, Fig. 5). This finding points to a large dissi-
pation radius R = 2× 1014(δt/1s)(Γ/30)2 cm, consistent with
the picture that we propose.
We conclude with two comments. First, at the moment we
have no reasons to believe that no GRB will ever populate the
lower-right and upper-left corners of the NHx,i vs. T90 plot
(Fig. 2). Instead, we expect chance alignment with thick but
unrelated material to happen for a certain fraction of GRBs.
At the same time, we cannot exclude the existence of intrin-
sically very long GRBs exploding in very clean environments
in the low-redshift Universe. Since there is no obvious ob-
servational bias against the detection of these two groups of
explosions, we conclude that they must be less common. Fu-
ture observations are needed to clarify how GRBs populate
the NHx,i vs. T90 plane. Second, the finding of low ambient
densities around some of the super-soft X-ray emitters as in-
ferred from broad-band modeling of the afterglow emission
(see e.g. GRB 130925A, Evans et al. 2014) is not in contrast
with our picture of an environment with a complex density
profile, as the general structure around a massive star is that of
a low density medium surrounded by an overdense shell. Fur-
thermore, repeated shell ejections might as well have swept
up the material around the progenitor, leaving behind a low-
density cavity (in strict analogy with nova shells, see e.g. Fig.
5 in Margutti et al. 2014b).
5. CONCLUSIONS
We have identified a class of GRBs in the low-redshift Uni-
verse with (i) super-soft late-time X-ray radiation not con-
sistent with the standard afterglow model, (ii) large X-ray
absorption and (iii) exceptionally long prompt γ-ray emis-
sion duration. We connect these properties with the turbulent
mass-loss history of their stellar progenitors that shaped the
environment around the explosions. We suggest that the inter-
action of the explosion’s shock/jet and of the emitted radiation
with the complex medium is responsible for the anomalous
late-time X-ray spectrum and the extremely long duration of
the prompt emission in these sources.
The next step in the research is to understand which physi-
cal property distinguishes these stellar progenitors from those
giving origin to naked explosions. While this is at the moment
unclear, we note that the “peculiarity” of the progenitors of
this class of explosions might manifest through different prop-
erties of their host-galaxies and, especially, of their local envi-
8 For completeness we report here that the different episodes of emission
of GRB 130925A have Epk = 60 − 100keV as measured from a Band spec-
trum by Evans et al. (2014). GRB 090417B instead lacks a high-energy fol-
low up at E > 150keV and its spectrum, as detected by the Swift-BAT, is
consistent with a simple power-law with spectral photon index Γ = 1.9± 0.1
(Holland et al. 2010).
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ronments (e.g. metallicity at the explosion site, star formation
rate, dust content, properties of the underlying stellar popu-
lation). Furthermore, we predict that the remnants of these
explosions will be significantly different from the cases of ex-
pansion into an undisturbed ISM or wind-like density profile
as the more complex structure of the medium will cause a
number of reflected and transmitted shocks to go through the
explosion’s ejecta and the material in the burst surroundings.
It is beyond current capabilities to spatially resolve the rem-
nants of these explosions due to their large distance. Ad-
ditionally, we will not be able to witness their evolution in
real time: the supernova ejecta will interact with the more
distant shell on a timescale of > 300 yrs, and even a pow-
erful jet with E = 1052 erg propagating in a wind medium
with M˙ = 10−5 M⊙yr−1 would need several decades to reach
R = 10 pc. We will thus need to rely on the increased capa-
bilities of current and near-future optical surveys to localize
bursts from their optical afterglow (as it indeed happened for
GRB 130702A, Singer et al. 2013) to build the statistical sam-
ple of GRBs in the low-redshift Universe necessary to under-
stand how they populate the NHx,i vs. T90 plane, constrain
and contrast the properties of their environments, and test our
expectations.
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